Abstract: For more than half a century, Fischer-Tropsch synthesis (FTS) of liquid hydrocarbons was a technology of great potential for the indirect liquefaction of solid or gaseous carbon-based energy sources (Coal-To-Liquid (CTL) and Gas-To-Liquid (GTL)) into liquid transportable fuels. In contrast with the past, nowadays transport fuels are mainly produced from crude oil and there is not considerable diversity in their variety. Due to some limitations in the first generation bio-fuels, the Second-Generation Biofuels (SGB)' technology was developed to perform the Biomass-To-Liquid (BTL) process. The BTL is a well-known multi-step process to convert the carbonaceous feedstock (biomass) into liquid fuels via FTS technology. This paper presents a brief history of FTS technology used to convert coal into liquid hydrocarbons; the significance of bioenergy and SGB are discussed as well. The paper covers the characteristics of biomass, which is used as feedstock in the BTL process. Different mechanisms in the FTS process to describe carbon monoxide hydrogenation as well as surface polymerization reaction are discussed widely in this paper. The discussed mechanisms consist of carbide, COinsertion and the hydroxycarbene mechanism. The surface chemistry of silica support is discussed. Silanol functional groups in silicon chemistry are explained extensively. The catalyst formulation in the Fischer Tropsch (F-T) process as well as F-T reaction engineering is discussed. In addition, the most common catalysts are introduced and the current reactor technologies in the F-T indirect liquefaction process are considered. process overview
Introduction
The over-reliance of the world's nations on conventional fossil fuels puts our planet in peril. The continuity of the current situation will result in the rise of a combined average temperature over global land and ocean surfaces by 5 ∘ C in 2100, bringing a rise in sea levels, food and water shortages and an increase in extreme weather events. The global warming, caused by humans, is one of the biggest threats to our future well-being [1] . In addition, oil reserves are limited and these reserves are decreasing dramatically. This reduction alongside the other relevant economic factors affects the world's oil prices. The need to run engines with the new generation of liquid fuels is inevitable. The investigations by the US Energy Information Administration (EIA) published in 2013 expressed a 56 percent increase in the world's energy consumption by the year 2040. Total world energy demand will have risen to 865 EJ (exajoule) by this year. The total world energy consumption was reported as 553 EJ in 2010. The outlook indicates that renewable energy is one of the fastest-growing energy sources in the world; where its usage increases 2.5 percent per year. Despite increasing success in the renewable energies, it is predicted that the fossil fuels will supply al-most 80 percent of the world's energy demand through to 2040 [2, 3] .
History of F-T Synthesis
Fischer-Tropsch synthesis (FTS) has drawn a great deal of interest in the recent decades from researchers, since it has been believed that liquid hydrocarbons' production through this promising clean technology is a potential alternative method which could solve the shortage of liquid transport fuels [4] [5] [6] . Second generation bio-fuels can be made from cellulosic biomass by thermal production of syngas followed by Fischer-Tropsch synthesis. This process is known as the Biomass-To-Liquid (BTL) process for producing liquid fuels [6, 7] . F-T synthesis is a technology that has an extensive history of production of gasoline and diesel from coal and natural gas. Recently great interest has been generated in applying this relatively well-known technology to cellulosic biomass and agricultural waste, to convert them to linear-and branched-chain synthetic hydrocarbon (HCs). The Bergius coal liquefaction and Fischer-Tropsch synthesis of liquid hydrocarbons were invented and subsequently developed between the years 1910 to 1926. The first step to overcome the lack of petroleum by synthesising Germany's abundant coal supplies was taken by Friedrich Bergius (1884-1949) (shown in Figure 1 ), who invented high-pressure coal hydrogenation in Rheinau-Mannheim during the first and second decades of the 20 th century.
Bergius prepared a coal-oil paste by crushing and dissolving the coals containing less than 85 percent carbon in heavy oil; afterwards he reacted the prepared paste with hydrogen gas at 200 atm and 673 K; the resulting products were petroleum-like liquids [8] .
In 1926, a decade after this success by German scientists, Franz Fischer and Hans Tropsch (shown in Figure 1 ) invented a process to convert coal into synthetic liquid hydrocarbons at the Kaiser Wilhelm Institute for Coal Research (KWI) in Mulheim Ruhr. First, Fischer and Tropsch hydrocracked the coal by reacting it with steam to produce synthesis gas (mixture of carbon monoxide and hydrogen) and then converted the gases to petroleum-like synthetic liquid at 1 to 10 atm and 453 to 473 K. The cobalt catalyst was first designed and developed by Fischer and his coworker, Tropsch to achieve a successful process [8] .
Among the industrialized nations, Germany was the first to synthesize petroleum from coal.
From the early 1930s to the end of the 20 th century, Germany exported the technologically successful F-T plant to the United States of America, Britain, Japan, France, South [8, 9] Africa and other nations. In Britain, the University of Birmingham was the pioneer in performing laboratory scale and pilot-plant sized Fischer-Tropsch synthesis investigations in 1920 [8] . Thenceforward, Germany and Britain were the most successful and pioneering in developing the generation of liquid synthetic hydrocarbons through F-T technology. The serious practical work on F-T synthesis in the US was began post-World War II; after that a rapid increase in petroleum consumption was observed leading to considerable concern from government [8] .
Significance of bio-energy
Renewable energies such as bio diesel will play a significant role in the future for transporting energies, due to the abundant advantages of this fuel. Production of bio diesel from biomass decreases the cost of the required fuel for farmers in comparison to oil/liquefied petroleum gas (LPG), because this fuel is produced by the farmer and there is no transporting cost and moreover, the feedstock is much cheaper than fossil fuels. In addition, bio-fuels are produced from plant waste that can be re-planted and re-grown by the interaction of carbon dioxide, water, air, soil and sunlight, which guarantees the future transportation energies' sustainability. Biodiesel made from biomass could easily replace fossil fuels due to its compatibility with the current engines' technology and their existing fuel system. Running the engines with biodiesel produced from vegetable oils such as canola or rapeseeds, which are low in saturated fat, could prevent the formation of ice in frigid temperatures and subsequently prevent the vehicle's engine struggling with ice crystals. Production of bio fuels via sustainable energy crops could not solve the country's energy problem, but could reduce the dependency on foreign oil. The bitter experience of the industrialized countries in 1973, caused by the oil-producing countries of the Middle East, whereby they stopped exporting oil, propelled the western countries to become independent of them for their oil supplies [10] . Biodiesel refineries are much cleaner than those of crude oil during the conversion of biomass into usable liquid products. The conventional fuel refineries release millions of pounds (lbs) of cancer-causing chemicals such as benzene (C 6 H 6 ), butadiene (C 4 H 6 ) and formaldehyde (CH 2 O) into the environment as well as nickel, sulphur dioxide (SO 2 ), lead and some other pollutants which cause heart disease and asthma. It is therefore the case that bio-fuel refineries are much more environmentally friendly [10] .
Biodiesel produced via the Fischer-Tropsch synthesis (FTS) process seems to be a highly-promising alternative fuel due to such attractive specifications. Ultra-clean fuel, high cetane number of final liquid products, virtually zero emissions of sulphur compounds and aromatic hydrocarbons are some of the significant advantages of bio-fuel derived from F-T clean technology [11, 12] . Utilization of biodiesel with compatible engines not only lowers the emissions of engines running on this fuel (nitrogen oxide (NOx), particulate matter (PM) and greenhouse gases (GHG)) also improve the catalytic after-treatment process [13] . The low emission of carbon monoxide, nitrogen monoxide, hydrocarbons and low sulphur and aromatic compounds make the synthetic fuels green and liquid clean fuels [14] . The absence of these compounds and the high cetane number of the generated products lead to high performance biodiesel through F-T technology. The measurements of exhaust particle number concentration and size distribution in an engine fuelled with Gas-ToLiquid (GTL) are lower than those of an engine fuelled with conventional diesel [15] .
The investigation of Public Health England (PHE) revealed that 5.3 percent of all the deaths in people aged over 25 correspond to air pollution. Under the Climate Change Act 2008, the UK Government is legally required to reduce the emission of GHG by 80% by the year 2050 [16] . The application of ultra-clean biodiesel by the farmers not only helps to reduce the emission of GHG but also lowers the emission of cancer-causing pollutants. This is one of the successful deliverables in the exploitation of renewable energies which benefits public health. The UK's Renewable Transport Fuels Obligation (RTFO) required the suppliers of fossil fuels to target 2.6% of road fuels to be made up of renewable fuels in 2011. This obligation first came into effect in 2008 and in that year, 84% from 1 million tonnes of bio-fuels in the UK market was made up of biodiesel. The primary pathway of previous investigations in achieving an industrial impact is the significant advantage of a fixed-bed reactor which could be easily scaled up for commercial plant. The success in commercialisation of bio-fuel generators could be effective in contributing to the achievement of a 13 percent substitution of bio-energy by volume in 2020 [17] . The exploitation of the bio-fuel generator in the agricultural industry could decrease the fuel demand by this sector. In addition, according to the report of the Biotechnology Industry Organization, the bio technology industry is expected to create 190,000 direct "green jobs" in the US. The commercialisation of bio-fuel generators in the UK will benefit society directly by creating new green job opportunities in United Kingdom [18] .
Characteristics of biomass
In general, biomass is ascribed to the non-fossilized and biodegradable organic materials that have been derived from plants, animals and micro-organisms. The products of decomposition of non-fossilized organic materials are also referred to as biomass. The botanical (plant species) or biological (animal wastes and carcass) sources of biomass could be classified into agricultural, forest, municipal, energy and biological sources. The process of conversion of carbon dioxide into the botanical biomass (carbohydrate) in the presence of chlorophyll II and water is represented in reaction 1. Green plants break down the water in the presence of a particular wavelength of solar energy to obtain electrons and protons so that the carbon dioxide is converted into glucose (CHmOn).
(︃ living plant
As represented in the above equation, for each mole of carbon dioxide absorbed, 1 mole of oxygen is released. Cellulose, hemicellulos and lignin are the three major constituents of non-starch and fibrous ligno-cellulose biomass. This kind of biomass is not part of the human food chain as it is not easily digestible by humans. There is a great interest in the cultivation of ligno-cellulosic plants (willow, switch grass etc.) that are grown fast and yield a high amount of energy per unit of land. Unlike lignocellulose, carbohydrates are dissolved easily and could be converted into liquid fuels quickly. This is the reason that most of the commercial ethanol plants utilize crops [19] .
The polymeric constituents of biomass widely vary in different biomasses. Cellulose is the most common organic compound on the earth which forms the cell walls of biomass' structural components. Cellulose ((C 6 H 10 O 5 )n) is [19] a long chain polymer with a crystalline structure which is made up of many molecules of glucose. Figure 2 indicates the molecular structure of cellulose. Cellulose is made up of about 40 -44 percent of dry wood weight which is not digestible by humans [19] .
Hemicellulose is an amorphous branched chain hydrocarbon structure of a cell wall's constituent (shown in Figure 3 ). While cellulose has a high degree of polymerization (~10,000), hemicellulose has a lower degree of polymerization (~100-200). The generic formula of hemicellulose is represented as (C 5 H 8 O 4 )n.; unlike cellulose resistant to hydrolysis, hemicellulose is hydrolyzed easily and solved in a solution of weak alkaline. Twenty to thirty percent of dry weight wood is made by hemicellulose. The hemicellulosic constituent of biomass cells yields less tar and more gases than the cellulosic constituent [19] .
About 18 to 25 percent of a typical hardwood is made of a highly insoluble lignin constituent with a highly branched polymer of phenyl propane as shown in Figure 4 . These plentiful organic polymers in the earth make up the secondary cell walls of plants. Lignins act as cementing agents which hold the adjacent cells together [19] .
The higher hydrogen-to-carbon (H:C) ratio as well as high oxygen-to-carbon (O:C) ratio in fresh biomass, such as leaves, are correlated to the lower efficacious heating value of these plants. A high amount of oxygen contents in biomass is not useful for the heating value of hydrocarbon fuel and makes the biomass liquefaction process more difficult. Moreover, the H:C ratio of biomass as well as its O:C ratio is much higher than that of fossil fuel. Equation (2) represents the linear function of these two ratios in a wide range of biomass:
The heating value of the biomass is related to its geological age meaning that the atomic ratio is increased in older fuels. Higher energy content results from biomass with a higher atomic ratio which increases with the increasing of the biomass' age. Moreover, the biomass with the same cellulose to lignin ratio and hemicellulose to lignin ratio, irrespective of their type, show similar behaviour in the transformation process [19] .
Municipal solid waste (MSW) is an important source of secondary waste that is derived from renewable (food scraps, paper etc) and non-renewable primary biomass (plastic, glass and metals). Refuse-derived fuel (RDF) is combustible part of MSW secondary waste. Sewage sludge is considered as an important biomass source. Aerobic and anaerobic digestions are two types of degradation process to reduce the amount of biodegradable waste. CO 2 , H 2 O and air are the products or microorganism's degradation process in aerobic digestion; while the second process produces methane. In anaerobic digestion, the leachate is collected from the landfill and pumped back in the absence of oxygen and the presence of methanogenic bacteria (thermophile, mesophile and psychophile) to the sealed land-filled solids. Equation (3) represents the exothermic biodegradation reaction which produces water and carbon dioxide. Methane is known as 21 times stronger than carbon dioxide among the greenhouse gases. 
Fischer-Tropsch Synthesis mechanisms
Fischer-Tropsch synthesis is a surface polymerization reaction in which the reaction between the reagents, hydrogen and carbon monoxide, takes place on the surface of the catalyst in situ. First, reagents form monomer units. These building blocks are subsequently polymerized to yield a wide spectrum of the products (mainly paraffin) ranging from C 1 to C 40 HCs (heavy wax products) [21] . Several simultaneous chemical reactions occur in the F-T regime producing desired and undesired products. Reactions (4) to (7) summarize the general forms of the reactions that take place in Fischer-Tropsch synthesis of hydrocarbons (paraffins, olefins and alcohols); whereby the term -CH 2 -represents a methylene group of normal paraffin. Polymerization of these blocks yields the products which depend on the thermodynamics and kinetics of the reactions [22] . Alkanes are the most preferred products in the F-T process. The produced alkanes from Equation (4) are mainly straight-chain hydrocarbons; while the alkene outputs of Equation (5) are mostly tertiary [23] . Equations (6) and (7) represent the general reaction forms which lead to formation of oxygenated products. 
The portion of each of the above hydrocarbons in synthetic crude oil corresponds to the synthesis conditions and the catalytic bed in which the synthesis is conducted. Regardless of the reactions parameters, all of the F-T reactions mechanisms are based on the ability of the metallic elements of the catalyst to dissociative chemisorb the carbon monoxide.
The mechanisms of the Fischer-Tropsch synthesis process have attracted many researchers in the past; such as B. H. Davis [24] and A. P. Anderson [25] . The definition of the complex reaction networks could describe the formation of carbon-carbon bonds, the hydrogenation of the carbon monoxide, as well as how subsequently the Fischer-Tropsch synthesis proceeds. These investigations lead to a comprehension of the F-T catalytic chemical surface reaction which could improve the design of F-T catalysts in the future. Different mechanisms based on different intermediates were proposed to govern the F-T syncrude composition. Carbide mechanism, CO insertion and hydroxycarbene mechanism are the main polymerization schemes that have been proposed within the three major steps (initiation, propagation and chain termination steps). The mechanisms differ with the nature of the formation of monomer units and the paths that the surface reactions govern which are to be converted to the proposed hydrocarbons.
In a carbide mechanism, adsorption of carbon monoxide on the catalyst surface initiates the F-T reaction. The initiation step results in the metal surface (M) being carbided by gaseous carbon monoxide. Carbon monoxide is chemisorbed initially in a bridge mode involving two surface sites of the catalyst and also is equilibrated in with a linear mode involving only one site of the metal surface. The C-O bond is subsequently dissociated into the C and O surface species. Hydrogen as the second reactant is chemisorbed and dissociated on the metal surface site as well [23] . While it is the case that carbon monox- Figure 6: Chain propagation of monomer units in carbide mechanism during FTS process [9, 27] ide is adsorbed more forcefully than the hydrogen on the catalytic surface sites [26] . C 1 intermediate species (MCHx) are formed during the reaction of surface carbon with chemisorbed surface hydrogen atoms. The hydrogenation of surface C atoms of metal carbides to surface CH 2 (methylene species) removes the oxygen as water; which was the probable path in the original mechanism assumed by Franz Fischer and Hans Tropsch in 1926 [27] . The reactions of the adsorbed oxygen with the adsorbed hydrogen lead to the elimination of the oxygen from the surface metals. Figure 5 illustrates the initiation step in a carbide mechanism with two different paths.
The second plausible path to form the monomer units is the formation of enol groups during the reaction of adsorbed CO with surface hydrogen. The hydrogenation of surface enol groups result in the formation of methyl groups. The hydrogenation of surface enol eliminates the oxygen as water products ( Figure 5 ). Once the initiation occurs, different routes could govern the propagation and chain termination in the synthesis process to produce hydrocarbon molecules. A high temperature F-T reaction condition favours the reaction to follow the first path and a lower F-T reaction temperature causes the oxygenation of the enol groups with a further reaction [23] .
Afterwards the chain growth step takes place; when the surfaces M-CH 2 are polymerized by reacting with another M-CH 2 to form M-CH 2 -CH 2 -M intermediate. The insertion into the M-CH 2 bonds and subsequently desorption and hydrogenation yields the cycloalkane and cycloalkanes respectively; which explains the formation of cyclic aliphatic hydrocarbons in F-T synthesis [26] . The insertion of CHx groups into the metal-carbon bonds are the proposed the long chain hydrocarbons. The propagation of monomer units has been shown in Figure 6 .
The chain termination ( Figure 7 ) occurs by hydrogenation of adsorbed surface alkyl groups (-HC-(CH2) n−2 -CH 3 ) to produce paraffins, or during the combination with adsorbed surface CH 3 . Olefin products (alkenes) are formed through the β-elimination of the hydrogen from surface alkyl groups with an empty surface site [23] .
CO insertion into the metal-carbon bonds summarizes the general chain growth pattern of the CO insertion mechanism in the FTS process. The CO insertion into the M-H bond initiates the F-T reaction in this mechanism. The [28] chains are grown by the insertion of carbon monoxide into the metal-alkyl bonds in homogeneous catalysis followed by reduction of the acyl group. The hydrogenation of the resulting acyl groups governs the termination of oxygenates or different hydrocarbons [28] . This mechanism is demonstrated in Figure 8 .
The third developed mechanism of F-T synthesis is known as the hydroxycarbene mechanism ( Figure 9 ). This mechanism is based on the formation of hydroxycarbene (CHOH) intermediates. Hydrogenation of chemisorbed carbon monoxides on the metal surface by chemisorbed atomic hydrogen form hydroxycarbene. The water elimination through the condensation of two hydroxymethylene groups forms the C-C bonds. The chain is grown by the cooperation of oxygenated surface intermediates [28] .
The reaction for methane formation as an undesirable product in F-T synthesis can be summarized as follows. This reaction is considered as an irreversible and separate reaction. Methane formation (equation 8) increased with increasing of the temperature of the process, so controlling of the reactor temperature and exothermic reaction heat removal are significant considerations of F-T reactor design [29] .
The other important reaction that occurs in the FTS process is Water Gas Shift (WGS) reaction that produces water as co-product; this reaction plays a significant, role especially in the reactors in which reactions take place over an iron-based catalyst and produce carbon dioxide as an unwanted product. In general, a higher ratio of H 2 /CO forms more H 2 O, otherwise CO 2 is formed [30, 31] .
Sølvi Storsaeter et al. [32] developed a micro-kinetic model for formation of C 1 and C 2 species over supported cobalt catalysts in Fischer-Tropsch synthesis. The formation of methane, ethane and ethene were proposed within two sets of elementary reactions based on carbon monoxide hydrogenation and hydrogen assisted dissociation of carbon monoxide. These two sets of reaction patterns were combined and a micro-kinetic model was constructed. The activation energy, pre-exponential factors and rate constant were calculated for the elementary reactions involved in carbide and CO insertion mechanisms. The study concluded that the main part of carbon monoxides were converted and subsequently propagated, yielding C 2 products through the CO insertion mechanism and insertion of carbon monoxide into the metal-methyl bonds, respectively. The mechanism of the Fischer-Tropsch synthesis' reaction as well as carbon monoxide activation and methane formation over a supported cobalt catalyst, were studied by Marton Kollar et al. [33] and Jia Yang et al. [34] respectively.
Rofer-DePoorter [35] performed a comprehensive investigation on Fischer-Tropsch synthesis reaction mechanisms, to bring forward the definition of the FischerTropsch synthesis as the catalytic polymerization and hydrogenation of carbon monoxide to produce heavy hydrocarbons, as well oxygenated products. The elementary reactions within different mechanisms which take place in F-T synthesis have been described in this study. The study was focused on heterogeneous F-T catalytic mechanisms. The production of the side-products, carbon dioxide and water has been discussed. In addition, the paper provides the mechanism of the methanation reaction as a part of F-T synthesis. The outer surfaces of the crystalline particles participate in any physical or chemical interactions. Accordingly, the specific surface area of the active phase is similar to the geometric surface of silica in the crystalline form involving a high degree of ordering in a dense structure. The fabrication of amorphous silica forms sols, gels, fibres, sheets and powders based on their application. The specific characteristics of silica's texture (surface area, pore diameter and pore volume) are controlled during the preparation in which the physico-chemical behaviour of silica is governed. The amorphous form of silicas with a high degree of porosity could provide a large surface-to-mass ratio. This particular feature of silica makes it more and more attractive for chemical utilizations. The synthetic silicas are classified into the colloidal silica (silica sols) and silica gels (hydrogel, xerogel and aerogel) [36] .
Silica surface structure (physisorbed water, silanol groups and siloxane bridges)
Understanding of silanol functional groups in silicon chemistry could lead to a comprehension in dehydration (removal of physically adsorbed water (physisorbed) and structurally bound water (chemisorbed)), de-hydroxylation (removal of the surface OH groups) and re-hydroxylation mechanisms of silica surface. The hydroxyl groups (≡ Si-OH) over the silica surface are made via valence bond between OH groups and both Si atoms on the surface and in some cases inside the silica's particles with the connectivity of Si-O-H [37] . Many of the chemical and catalytic characteristics of silica depend on the chemistry and geometry of its surface. Therefore, silica surface chemistry was the subject of a number of intensive investigations on molecular adsorption on silica's surface by using an infra-red spectroscopy experimental technique to determine the practical exploitation of this support [38] . Sheppard [39] proved the existence of hydroxyl groups on the SiO 2 surface (porous glass) in various location types in his investigation about chemisorption system and physical adsorption. The presence of silanols on the surface of silica was proven for the first time in Yaroslavsky and Terenin's [37] investigation by employing the infra-red spectroscopy technique. The course of silica synthesis and re-hydroxylation of de-hydroxylated silica are two principal processes to form the silanol groups on the amorphous silica surface (shown in Figure 10 ). The silanols' group within the first method are formed during the condensation-polymerization of Si(OH) 4 . Spherical colloidal particles which contain the hydroxyl groups are formed via the conversion of a supersaturated acid solution into its polymeric form. Finally, surface silanols are created by heat treatment of hydrogel which yields the xerogel. The water or aqueous treatments of de-hydroxylated silica form the surface silanols via the re-hydroxylation process. Within this method, the free valence of surface silicon atoms with complete tetrahedral configuration becomes saturated with OH groups. The condensation of silanols under a specific condition [37] form siloxanes bridges (≡ Si-O-Si≡ ). The formed silanols with hydrophilic features specify the surface properties of amorphous oxide adsorbent silica. The removal of surface hydroxyl groups which are considered as strong adsorption sites, gives the property of being more and more hydrophobic to the silica surface because of the existence of siloxanes [37] .
Different kinds of silanols exist on the surface (external silanols) and even throughout the particle structure (internal silanols) of amorphous silica with a porous structure. The internal or intra-globular silanols are not accessible to water. Although there is no clear distinction between the silanols located on the surface with those internally located [36] . The study of Davydov et al. [40] showed that the concentration of internal silanols in silica de-hydrated at 200
∘ C was about 0.5 mmol/g. According to the same study no internal hydroxyl groups were reported for silica treated thermally at higher than 600 ∘ C.
The existing silanol groups over silica's surface are classified based on their nature, association and multiplicity of sites. The numbers of bridging oxygens (Si-O-) bonded to the central silicon site in different categories are varied from 0 to 4. The single silanols with an OH group are the most preferred hydroxyls over the silica surface. This kind of silanols allocate an OH group per one surface Si atom and are the most probable compounds on a fully hydroxylated silica surface. This category of silanols is known as free or isolated silanols as well, which are located far from neighbouring hydroxyl groups. The isolated silanols are too far from the neighbouring hydroxyl groups, so the formation of hydrogen bonding is prevented. Three bridging oxygens from the bulk structure are bonded to the central silicon site in the free silanols [41] . Figure 11 illustrates schematically the different types of silanol groups and siloxane bridge presented on the surface of amorphous silica.
The silicon sites which are bonded to two bridging oxygens and consist of two hydroxyl groups (Si(OH) 2 ) attached to the silicon atom, are classified in geminal or silanediols silanol group. Peri [42] proposed the existence of geminal groups over the silica's surface for the first time. He concluded that de-hydrated surface structure of cristobalite at 400
∘ C includes about 95% geminal hydroxyl groups. In addition about 85% of de-hydrated silica surface at 600 ∘ C was geminal hydroxyl groups. The geminals were close enough to hydrogen bond to each other [36] . It is now agreed that the relative contribution of the geminals on the silica's surface is relatively small to the total number of silanol groups. Morrow [43] observed that a small quantity of silicon atoms on the silica's surface (less than 5% of the total concentration of silanols) treated at 700 ∘ C carried out geminal silanols; while most of the silicon atoms Figure 11 : Representation of different silanol groups (isolated, silanediol and Silanetriol silanols), H-bonded silanols (single and silanediol) alongside siloxanes bridges on the surface of colloidal silica [42] carried single hydroxyl groups being either free or vicinal silanols. When Si-OH groups are located a sufficient distance from neighbouring hydroxyl groups, the hydrogen bonding occurs between OH and O. These silanols are classified as vicinal or H-bonded silanols. The silanediols silanol are probably bonded to a neighbouring vicinal silanol through a single siloxanes bridge. The result of this bonding is a very weak H-bonded pair. The internal silanols, which in some cases are considered as structurally bonded water, form about 20 percent of the presented silanols in a hydrogel. These groups of silanols are within the structure of the colloidal particles. The heat treatment between 600-800 ∘ C causes the condensation of internal silanols.
At higher temperature the internal silanols' complete evolution occurs [41] . Siloxanes' bonds are formed through the condensation of internal and surface silanol groups. According to Equation 11, the de-hydroxylation (condensation) process is accompanied by the water formation [36] .
The thermally induced condensation of hydroxyl groups at about 500 ∘ C form the strained siloxane bridges.
Stable siloxanes groups are the result of the conversion of strained siloxane groups at higher temperature. Both stable and strained siloxane groups are re-hydroxylated upon exposure to water. While it is the case that the rehydroxylation rate of stable siloxanes are much slower than strained siloxanes. As an example, it takes about 5 years to completely re-hydroxylate the wide pore silica which is calcined at 900 ∘ C. Moreover, the strained siloxanes could completely be re-hydroxylated upon exposure to water [41] . Water molecules are adsorbed mainly to the OH groups of silica's surface. The hydrogen bond between hydrogen and highly electronegative oxygen is associated to any surface/internal silanols type. Due to the highly disordered surface structure of amorphous silica, a regular arrangement of silanol groups is not expected on the silica surface. Irrespective of what kind of hydroxyl groups exist on the surface, a fully hydroxylated surface can be achieved by complete surface coverage. When a porous silica surface is exposed to water at high partial pressure, the capillary condensation takes place on the adsorbed multilayer of water by means of hydrogen bonding, which gradually fills the pore volume by liquid water. The increase in partial pressure of water results in adsorption of a multilayer of water in a fully hydroxylated non-porous silica species as well [36] .
De-hydroxylation and re-hydroxylation of the silica surface
Different treatments at different stages determine the concentration of hydroxyl groups on the silica surface. Physisorbed water de-hydration is an essential process to achieve a successful modified surface. Figures 12 to 16 indicate the silica surface physico-chemical model via heat treatments at different stages during the preparation process. Two types of molecularly adsorbed water have been established formerly (shown in Figure 12 ). Each of them is de-hydrated at various thermal sub-regions. The first de-hydration stage corresponds to poly-molecular adsorbed water; while the second relates to de-hydration of the monolayer of molecularly adsorbed water on the silica surface [44] . Desorption process of the first stage assigns much lower activation energy than that of the second stage; while the majority mass of the hydrogen-bonded waters are removed at the first stage. The sharp increase in activation energy of the desorption process from stage one to two corresponds to practically complete removal of the monolayer of waters which have been physically adsorbed. Both stages are greatly influenced by the size and morphology of the porous silica as well as its porosity [36] . As shown in Figure 12 , at the initial stage, the silica surface is at its maximum state of hydroxylation. Multilayers of water have been adsorbed physically, which covers the silica surface containing different kinds of silanols (isolated, geminal and vicinal silanols). The H-bond networks alongside the water multi-layer cover the surface OH groups. At this stage, internal OH groups inside the silica skeleton exist. Transition to the second stage at 25 ∘ C removes the multi-layer of water. Thereupon, a single layer of physically adsorbed water is retained at this temperature. This stage is easily reversible to the first stage upon the exposure of water. Figure 12 (stage 2) indicates the mono layer or less of the physisorbed water on the silica surface, which is retained on the surface at temperatures less than 180 ∘ C [37] .
Transition from stage two to three ( Figure 13 ) results in complete removal of strongly physisorbed water. The threshold temperature for the complete de-hydration is es- Figure 13 : Complete removal of physisorbed water to achieve a dry silica surface (transition from stage 2 to 3, 180 ∘ C ≤ T ≤ 200 ∘ C) [37, 45] timated to be at 190 ± 10 ∘ C. The re-hydroxylation stage is begun by completion of the de-hydration stage. Both of the stages, de-hydration and de-hydroxylation are very heterogeneous processes [45] . Zhuravlev [44] applied temperature-programmed desorption (TPD) experiments by employing the mass spectrometric thermal analysis method to investigate the dehydration and de-hydroxylation of the silica surface. He concluded that more physisorbed water coverage on the silica surface leads to a higher activation energy of water desorption process in the transition from stage one to two, as well as from the second stage to the third stage. The silica surface's behaviour at the introduction of water is the same as stage two.
The next stage is to condense the vicinal groups by further heat treating at about 450 to 500 ∘ C. At this stage, the average distance between the neighbouring free hydroxyl groups are increased over the silica surface, which causes a decrease in the de-hydroxylation process. The heat treatment of the silica surface at this stage releases water vapor. The resulting silanol groups of this stage consist of singles and geminals. The resulting surface coverage of silica at this stage has been shown in Figure 14 , a). The numbers of isolated silanols are increased as a result of the transition from stage 3 to 4 by thermal treatment between 200 to 400 ∘ C. The acid treatment of silica could result in a higher concentration of silanols over the silica surface as well [46] . On the other hand, the number of isolated silanols could be decreased by the re-hydroxylation process, which increases the concentration of bonded silanols. With completion of the transition phase, further heat treatment at this stage decreases slightly the concentration of the silanols. The porous structure of the silica support could accelerate the de-hydroxylation process. For the silica with wide based pore structure, a decrease in the number of bridged silanols occurs at a higher temperature than for that with smaller pores [45] . As the temperature is relatively low, the siloxanes remain in a strained bridges state. In some cases, the complete re-hydroxylation occurs when the weakened strained siloxanes' bridges are split.
The estimated ratio of isolated/geminal silanols is about 85/15 at this stage. The condensation of internal silanols occurred at about 600-800 ∘ C; at this temperature the concentration of isolated and geminal silanols decrease respectively. At about 800 to 900 ∘ C, the silica skeleton becomes free of internal OH groups as well as the geminal silanols disappearing completely from the silica's surface. Stable siloxane bridges are formed in considerable numbers while isolated silanols remain on the silica surface (shown in Figure 14 , b). When the silica surface is covered by the stable siloxane, the OH groups' concentration is decreased, which leads to a sharp increase in activation energy of the de-hydroxylation process. The concentration ratio of OH group to siloxane bridges determines the hydrophilic or hydrophobic property of the silica surface. Rehydroxylation at this stage hardly takes place at room temperature. The hydrophilic characteristic of the silica surface continues to decrease till the surface is covered entirely by Si-O-Si groups and Si atoms which make the surface fully hydrophobic. Different types of hydroxyl groups (bonded and isolated silanols) possess different activities of adsorption. The isolated silanols are considered to have more reactivity and adsorption activity than that of H-bonded silanols. The vicinal (H-bonded) silanols are formed in a linear or two-dimensional structure. In such a structure of hydroxyl groups, probably at least more than two silanols are engaged. In that case, less re-active hydrogen, even in some cases no more re-active hydrogen, would be available due to the involving of the hydrogen in Hbonding in the vicinal groups' structure, which does not form pairs [45] . Figure 15 indicates the re-active hydrogen over the silica surface.
Transition from stage four to five (T ≥ 1200 ∘ C) results in complete removal of OH groups and full coverage of the silica surface with Si-O-Si groups. At this stage, the surface of SiO 2 only consists of siloxane bridges [37, 41] . Figure 16 indicates the thermal removal of silanols as a result of siloxanes' formation. Bermudez [47] achieved complete de-hydration of a silica surface at 100 ∘ C. At this temperature the dehydroxylation of some silanols was observed as well.
Hail [48] concluded that the major adsorptive property of the silica surface corresponds to surface hydroxyl groups, according to that study, by using infra-red gravimetric adsorption. The adsorption sites could be either freely vibrating or hydrogen-bonded to each other depending on the pre-treatment and temperature. The chemical re-activity of the silanol groups on the silica surface were affected by a small amount of impurities. Voort [49] revealed weak surface heterogeneity on silica gel by the contribution of free and bridged hydroxyl groups. The investigation was carried out by using the temperature-programmed desorption (TPD) experiment via strong hydrogen-bonding interaction between surface hydroxyl groups (free and hydrogenbonded) and the adsorbed pyridine molecule. Various energetic sites were observed. The observed activation energy of pyridine desorbed from free hydroxyl groups was higher than that of bridged hydroxyls. It was concluded that the bridged silanols were de-hydroxylated much easier than isolated silanols. Chuang et al. [50] , in their investigation, considered the participation of different hydroxyl groups in hydrogenbonding or either non-hydrogen bonding, depending on surface segment type, relative hydroxyl groups orientation, as well as their local structural environments. They performed this study based on a generalized β-cristobalite surface model of silica. The de-hydroxylation temperatures and conditions of isolated and geminal silanols were considered in this study. In addition, yielding of highly strained siloxanes through de-hydroxylation at a higher temperature was also examined. The model enabled the explanation of de-hydroxylation/re-hydroxylation processes as well as re-hydration/de-hydration behaviours of the silica surface which take places under specific conditions.
Catalyst formulation and reaction
engineering in the F-T process
F-T catalyst formulation
The product selectivity in F-T synthesis can be varied over a wide range. Catalyst formulation, the system which performs the synthesis process and reaction conditions, is the key factor that affects the product distribution in F-T synthesis. Chain growth probability (α) in F-T synthesis is influenced by the catalyst selected for the hydrogenation process. In addition to catalyst type, the chain growth probability mechanism on the catalyst surface is affected by the catalyst's promoter level and temperature and composition of feedstock gas as well. It should be mentioned that the probability of the chain growth is independent of both the chain length and reactor type [51] . Cobalt, iron, ruthenium and nickel are considered as commercial catalysts in bio-fuel generation. These metals in their metallic form have the capability like all elements of VIII B group in the periodic table [52] to dissociatively adsorb carbon monoxide to form metal carbide on the catalytic surface and hydrogenate the adsorbed carbides. Ruthenium is not of interest for commercial application because of its high cost; despite the fact that it is one of the most active catalysts for F-T synthesis. Nickel does not have industrial relevance in F-T technology. The low average molecular weight of nickel prevents the usage of this metal for the F-T process. The small particle size of nickel leads to higher hydrogenation activity power compared to its chain growth power [52] Water Gas Shift (WGS) reaction activity over an iron catalyst in the F-T process is more than that of cobalt, which can lead to loss of carbon monoxide as a raw material by the formation of carbon dioxide. The activity of the WGS reaction produces more water as a co-product of this process, which is the kinetic inhibition of an iron catalyst. On the other hand, the higher activity of the WGS reaction over an iron catalyst allows the utilization of synthesis gas which contains carbon dioxide or hydrogen depleted syngas [53] . A cobalt-based catalyst is of interest for industrial applications due to its significant specifications.
The high selectivity of a cobalt catalyst to long chain alkanes, its low selectivity to oxygenate products and alkene as well as high deactivation resistance, long-life time and the relatively low price of this catalyst make it appropriate to be utilized for F-T biodiesel generation [54] . A cobalt-based catalyst is an efficient and capable catalyst due to its high activity at low temperature [14] . In addition, a cobalt catalyst has durability of up to 5 years on stream compared to 6 months in the case of an iron catalyst [53] . A cobalt catalyst generally yields in higher production of long-chain synthetic hydrocarbon [21] . The FTS process over a cobalt catalyst at normal pressure and temperature of 200-300 ∘ C produces linear olefins (α-olefins) as the main products. A small amount of non-linear products consisting mainly of mono-methyl branched compounds are produced at this temperature. High pressure Fischer-Tropsch Synthesis over a cobalt catalyst produces less olefins in favour of an alkanes' content due to the increase of molecular weight [28] . Chain growth probability is 0.5-0.7 for an iron catalyst and 0.7-0.8 for a cobalt catalyst. Chain growth probability can be maximized up to a value of 0.95 for a cobalt catalyst. It works well when the H 2 /CO ratio is near to two [53] . Fischer-Tropsch synthesis in an iron-based fixed-bed reactor produces naphthenes and aromatics in small amounts; it is the case that cobalt and ruthenium-based fixed-bed reactors usually produce none of these compounds [27] . In comparison with iron and ruthenium catalysts, cobalt has a low rate of carbon monoxide activation, while low hydrogenolysis and low shift activity at a high H 2 /CO ratio make it reasonable for synthetic diesel production (Fe < Co < Ru). This catalyst has high hydrogenation activity when alkanes are preferred as the main product (Ru > Co > Fe). The cobalt-based catalyst is not affected by steam practically in the F-T reaction regime [55] .
Catalyst carrier materials
Support material and its nature are relevant significant parameters that influence the catalytic activity and products' selectivity in F-T synthesis. Metal-support interaction strength, resistance to attrition (mechanical properties), thermal stability and support's porosity are the features that influence the reaction and transfer phenomenon in the F-T process. Diffusion limitation for reactant and produced hydrocarbons caused by catalyst liquid-filled pores and capillary condensation of heavier hydrocarbons, influence the overall F-T reaction rate [56] . Under F-T synthesis conditions, the pores are filled with liquid/wax products. The reactants at the external surface of the catalyst dissolve in the waxes. The dissolved reactants diffuse inside the pores through the wax. Hydrogen possesses a higher diffusion coefficient compared to carbon monoxide. These phenomena result in a higher concentration of hydrogen inside the porous catalyst. The increase in H 2 /CO ratio accelerates the chain termination step and negatively affects the product selectivity and chain length of the products by pore diffusion limitation [57] . Usage of an eggshell catalyst in the F-T process could enhance the desired product selectivity by decoupling the severe transport restriction.
In addition to all the above mentioned, the properties of metal particles' size and active phase dispersion are considered to be affected by the pore size located inside [56] . Catalyst support plays a significant role in the catalytic behaviour of supported metal by changing the charge and size of metal particles, the particle shape and crystallographic structure, as well as the formation of active sites [58] . Saib et al. [59] studied the effect of support pore diameter on the performance of F-T synthesis and observed different adsorption properties of cobalt particles and cobalt crystalline size located in narrow and wide pores. Different types of metal oxide supports such as aluminium oxide (Al 2 O 3 ), silicon dioxide (SiO 2 ), titanium dioxide (TiO 2 ), or zeolite are employed as the carrier of catalyst materials, especially when the active sites are more expensive, like cobalt.
Combinations of remarkable characteristics such as large surface area, high surface/mass ratio as well as ultralow density of silica, make it a marvellous support for F-T catalyst preparation. The high porosity degree of silica, its pores network and open pores volume rather than bulk volume, make it an attractive candidate for F-T catalyst support. This support facilitates the internal mass transfer due to its interconnected three dimensional networks which could form up to 99.8% of its bulk volume [60] . The application of eggshell distribution of a catalyst could result in faster diffusion of higher molecular weight hydrocarbons, due to the deposition of an active phase in the outer region of the catalyst's pellets. This distribution of the catalyst lowers the intra-particle mass transport and yields to higher selectivity of middle distillate hydrocarbons [61] which are the desired products of this investigation. In addition, cobalt is highly active compared to iron, nickel and ruthenium when supported with silica, due to the fact that the nature of the support affects the catalyst's behaviour [62] .
Gaderzi et al. [63] examined the effect of calcination conditions on the performance of a cobalt/silica catalyst and also considered the metal crystallites distribution affected by solvent, during catalyst preparation via solution impregnation; they achieved higher active surface area and better dispersed metal, in the case of alcohol as a primary solvent compared to water. Song et al. [64] considered the effect of support pore size on catalyst characterization and its activity in the F-T hydrogenation process; and concluded higher activity and productivity for the catalyst with pore sizes ranging 6-10 nm. Girardon et al. [65] studied the effect of a cobalt precursor impregnated to silica support via incipient wetness impregnation and achieved higher active site concentration and catalytic activity for the catalyst prepared by cobalt nitrate. Zhang et al. [66] observed the best catalytic performance for the cobalt catalyst supported by silica gel prepared from dehydrated ethanol. The application of absolute ethanol resulted in a decrease in solvent polarity as well as prevention of the formation of an immobilized glassy water layer. As a result, higher interaction between more cobalt complex and the silica gel surface was provided. In that case, formation of highly dispersed small particles of cobalt species was obtained; these particles were activated at higher temperature.
Jae-Sun Junga [67] showed in his work that pore diameter and pore size distribution, which depends on the mesoporous support structure affects the cobalt particle size and significantly influences the catalytic activity of a cobalt catalyst in the F-T hydrogenation process. Anna Maria Venezia [68] enhanced the activity of a sol-gel prepared silica supported cobalt catalyst by adding a small amount of titania which was examined at different space velocities and high space velocity and resulted in higher Fischer-Tropsch reaction conversion and higher selectiv-ity of heavier hydrocarbons. Shouli Sun et al. [69] was successful in increasing the activity of a cobalt catalyst, supported by silica gel support prepared by incipient wetness impregnation of cobalt (II) nitrate and cobalt (II) acetate employed for F-T synthesis. Yi Zhang [70] applied different solvents (acetic acid and ethanol) to prepare a highly active Co/SiO 2 catalyst for Fischer Tropsch synthesis and reported higher dispersion of the cobalt active site and reducibility, for a catalyst prepared with ethanol solvent; which resulted in higher activity of this catalyst in the F-T process. Hui Ming [71] studied the effect of different rare earth promoters on hydrogenation performance of a cobalt supported silica gel catalyst and realized praseodymium as the most effective promoter.
F-T reactor technology
Different kinds of reactors are employed to convert syngas to synthetic fuel, such as multi-tubular, slurry bubble column and fluidized bed reactors. Multi-tubular fixedbed and slurry phase reactors are the types of reactors that are employed for low-temperature (T<530 K) FischerTropsch synthesis [72] . Fixed bed reactor's technology is known as the most efficient reactor to maximize the synthesis driving force of the F-T process in the absence of heat transfer limitations [26] . There are some disadvantages in these reactors. High pressure drop occurs in a fixed-bed reactor and also low catalyst utilization can be achieved. Insufficient heat removal and limited diffusion are two other drawbacks of fixed-bed reactors. A fixed-bed reactor is employed to produce synthetic fuel due to its significant features. The ease of scale up from single-bed to pilot plant, the ease of catalyst loading and replacement are two leading features of fixed bed reactors [73] . F-T reaction is highly exothermic (∆H 298K = −140 to −160 kJ.mol −1 CO converted, depending on the products) and produces waste heat that must be removed from the reactor. Heat transfer limitation is a major disadvantage of a fixed bed reactor and may lead to more activity of the methane formation reaction, low product selectivity and a shorter lifetime of the catalyst [74] . Radial heat transfer to the wall of a fixed-bed reactor and cooling medium is one of the aspects which should be taken into account. F-T synthesis is an exothermic reaction which produces waste heat. Nitrogen efficiently removes the produced heat of the exothermic F-T reaction and minimises the temperature's runaway probability. The application of nitrogen in feedstock leads to a cost-effective synthesis process due to the increase in the reactor's tubes diameter [75] .
Chambrey et al. [74] performed a comparative study of FTS in three different reactors. The results of this research showed higher hydrocarbon productivity for a miliscale fixed-bed reactor, compared to the two other reactors. Slow catalyst deactivation took place in the fixed-bed reactor and 0.92 chain growth probability was obtained. In this investigation, the fixed-bed reactor was employed to maximise the synthesis driving force, which is known as the most efficient reactor technology for synthesis of heavier hydrocarbons in the absence of heat and mass transfer limitations. This reactor produces more hydrogenated, less oxygenated and alkene products, compared to fluidize and slurry bed reactors. There is no restriction in the reaction phase of fixed-bed synthesis [76] .
Overview of previous works regarding the Fischer-Tropsch synthesis process
Gonza´lez et al. [77] studied the behaviour of a cobalt catalyst supported on different meso-structured supports based on silica in the Fischer-Tropsch Synthesis process and observed highest activity of the catalyst in terms of carbon monoxide conversion; as well as heavy hydrocarbon product selectivity for the catalyst supported with 5 nm average pore diameter. They concluded that the average pore size of the mesoporous support highly impacted on the reducibility of the cobalt particles by forming a different size of supported cobalt clusters irrespective of higher dispersion.
Osakoo et al. [78] increased the activity of a cobalt catalyst supported by SiO 2 by improving the cobalt particle size (using impregnation method) and subsequently its reducibility (by creating larger cobalt particle size); as well as by promoting the catalyst with 0.2 wt% palladium (Pd). They enhanced the formation of alkanes by adding the Pd as the promoter, which resulted in higher selectivity of heavy alkanes, methyl-branched paraffins as well as alcohols. Wu et al. [79] concluded from their work that adding a small amount of TiO 2 could enhance the reducibility of a cobalt catalyst supported with silica gel by affecting the support-catalyst interaction and subsequently could result in higher FTS reaction activity. The dispersion of active metal was improved as well by the addition of TiO 2 . Khodakov et al. [80] examined cobalt dispersion as well as its reducibility affected by the meso-porous structure of silica support (narrow and broad pore sized distribution in silica support) and concluded that the catalytic performance of a narrow pore sized catalyst was better than that of a broad pore size due to higher dispersion of the active site over this support.
Dunn et al. [60] concluded the increase in the loading of cobalt content supported with silica aerogel up to 10 wt% resulted in higher activity of this catalyst in the Fischer-Tropsch Synthesis process. Ma et al. [81] observed that due to the increase in the density of active Co 0 on the surface site, the average cobalt cluster diameter decreased by about 30% (from 38.4 nm for a catalyst containing 15 wt% metal content to 27 nm for a catalyst containing 25 wt% metal content) in a cobalt catalyst supported by silica, resulted in an increase in the intrinsic reaction rate constant by about 102%. Hong et al. [82] enhanced the reducibility and catalytic activity of cobalt supported silica in F-T synthesis by adding organic additive (sorbitol, HOCH 2 (CHOH) 4 CH 2 OH) to the impregnation solution during the preparation step. This enhancement was due to stabilizing of Co 2+ due to the adding of the sorbitol.
The sorbitol caused the cobalt complexes to decompose at a higher temperature and therefore higher dispersion in cobalt oxide was achieved.
Gnanamani et al. [83] produced hcp (hexagonal closepacked) and fcc (face-centred cubic) cobalt metal particles over silica support by employing different pre-treatments and observed higher carbon cobalt dispersion (5.06% in the case of hcp and 3.84% in the case of fcc) for the catalyst containing the hcp metallic phase; and subsequently higher carbon monoxide conversion (about 28 mol%) was achieved in this study, compared to that of fcc. Since the cobalt catalyst used in Fischer-Tropsch synthesis is expensive, hence, Loosdrecht et al. [84] investigated the oxidation of nano-sized metallic cobalt during realistic F-T synthesis to cobalt oxide and concluded that this type of oxidation is independent of the support materials and could prevent the correct combination of reactor partial pressure of H 2 O and H 2 (P H2O /P H2 ). The cobalt crystalline size was 6 nm in this study. Storsaeter et al. [85] characterized un-promoted and rhenium-promoted cobalt catalysts supported with titania, silica and alumina in Fischer-Tropsch synthesis. This investigation showed a relatively higher activity of a Re-promoted cobalt catalyst when it was supported with TiO 2 .
Hunpinyo et al. [86] performed a kinetic study in both a laboratory-scale and pilot-scale BTL process using a fixed bed reactor, to examine the performance of a rutheniumbased alumina supported catalyst in the F-T synthesis process at atmospheric pressure; they observed higher activity of this catalyst towards the formation of the desired heavy molecular weight hydrocarbons (CO conversion @ temperature = 220 ∘ C and space velocity=3600 hr −1 ). Similar results in terms of product selectivity as well as distribution of hydrocarbon products were achieved in the cases of both the laboratory and pilot scale BTL processes.
Elbashir et al. [87] presented an integrated approach in the designing of an advanced multiphase F-T reactor. Three parameters were identified in order to systemize the designing process, including: (i) process synthesis, (ii) process simulation and (iii) tailored experiments. The process configuration was generated from various building blocks within the process synthesis (e.g. reaction, separation, recycling, recovery). The process simulation evaluated the synthesized system performance and finally the generated design was verified experimentally. The study was successful to optimise the F-T reactor technology for near/super critical operation conditions. Guettel et al. [88] derived a mathematical model to compare the performance of different types of reactors (fixed-bed reactor, slurry bubble reactor, micro-and monolith reactors) in the Low-Temperature Fischer-Tropsch (LTFT) synthesis process. The lowest specific catalytic productivity in the simulation study was observed for the fixed-bed reactor operating at a trickle-flow regime due to severe resistances in mass transfer. However, the ease of separation of the catalyst from liquid products is still a significant advantage for the fixed-bed reactor to be employed in commercialscale plant F-T synthesis. Schulz [89] presented a history of the Fischer-Tropsch synthesis process as well as its trends, by generalising some individual investigations including the development of the F-T reactor and process, F-T catalyst formulation, micro kinetic modelling of F-T reactions etc.
Chu et al. [90] considered the effect of calcination temperature during catalyst preparation steps as well as platinum (Pt) promotion of a cobalt catalyst supported with alumina on the interaction of metal oxide (Co 3 O 4 ) with support materials. It was concluded that unlike the calcination temperature and promoting material, which had no significant influence in the size of the generated metal oxides crystallite size in the supported gamma-alumina, the particle size and subsequently its dispersion was greatly affected by pore size distribution. The rate of the F-T reaction was significantly increased by promoting the catalyst with a small amount of platinum. In contrast with the reaction rate, a slight decrease in the production of heavy hydrocarbons was observed in this study.
Zhang et al. [91] considered the performance of a cobalt-based alumina supported F-T catalyst by modification of the support by magnesia. The performance of the magnesia-modified catalyst was examined in F-T synthesis and it was concluded that the activity of the catalyst in terms of carbon monoxide conversion was increased due to improvement in reducibility of the catalyst. It was observed that the increase in magnesia content resulted in a decrease in catalyst activity, heavy hydrocarbon selectiv-ity, as well as higher selectivity of co-products; due to the formation of MgO-CoO solution.
Itkulova et al. [92] studied the production of ceresin (mixture of high molecular-weight hard hydrocarbons including n-and iso-alkanes) under pilot scale F-T synthesis, using a cobalt catalyst modified with platinum (Pt) and observed that promotion of the catalyst with 0.25 wt% of the second metal resulted in 77% selectivity to ceresin fraction in the reactor output. The liquid synthesis process was optimised in this investigation in order to find the most selective reaction conditions for the production of ceresin. The best combination of cobalt catalyst and fixed bed reactor was found at 170-180 ∘ C and space velocity of 100 hr −1 .
Schulz [93] performed a comparative investigation on the dynamics of the structure and the function of cobalt and iron based catalysts in Fischer-Tropsch synthesis of liquid hydrocarbons, to obtain a deep understanding of the specific behaviours of these two catalysts in the F-T process. It was concluded that the active sites of a cobaltbased F-T catalyst are of a dynamic nature. Thus, the elemental reaction's relative rates correspond to the time on stream, reaction temperature, and partial pressure of reactants (mainly hydrogen and carbon monoxide), while statics' structural function was observed for the iron-based catalyst, which means the rate of F-T reaction is increased during the catalyst re-assembling (dissociative hydrogenation of carbon monoxide with iron to create active surface carbide); Whereas the selectivity didn't change. In the case of the iron catalyst, the final product's average molecular weight was controlled by a change in temperature, which means that only the temperature parameter had a significant influence.
Jacobs et al. [94] performed a comparable work to examine the effect of co-fed water on a cobalt catalyst prepared with variable supports (Al 2 O 3 , TiO 2 , SiO 2 ). A positive influence of co-fed H 2 O was observed for the silica supported cobalt catalyst which resulted in an increase in conversion of carbon monoxide as well as C 5+ hydrocarbons' selectivity. At the same time, the methane selectivity was decreased while the carbon dioxide selectivity remained low. The rate of catalyst deactivation was accelerated with the increasing of the water content at the inlet. In contrast, the activity of the cobalt catalyst in terms of carbon monoxide conversion was decreased when the metal was supported with TiO 2 and Al 2 O 3 with a strong cobalt oxide support interaction.
Pichler et al. [28] studied the product composition of the F-T synthesis as a function of residence time on the catalyst at low pressure (normal pressure) and low temperature (200 ∘ C) over cobalt/thorium oxide/kieselguhr catalyst (H 2 /CO = 2) and concluded that the shorter the residence time leads to a larger α-olefin fraction of the product. In addition, it was concluded that at low space velocity, the primarily formed α-olefins are transformed within the secondary reactions into β-olefin, linear paraffins and methyl branched products.
Conclusion
At the present, approximately 90 million barrels of crude oil are demanded per day from which about 85 percent is required to produce liquid transport fuels. The contribution of the production of liquid transport fuels via alternative processes such as BTL, GTL and Waste-To-Liquid (WTL) is still less than five percent. Crude oil is not a sustainable source of energy. In addition, it is estimated that within the next half century, countries will face a shortfall in production of crude oil in comparison to the demand of transporting energy. This is one of the consequences of global economy growth, which makes the investigation regarding the alternative sustainable energies very essential. Hence, a huge amount of research is in progress to convert part of agricultural products (lignocellulose biomass), which do not include products suitable for the human food chain into a required liquid fuel. This idea could not solve the country's energy needs but could reduce dependency on crude oil. Fischer-Tropsch synthesis constitutes one of the routes within the indirect liquefaction process. As a result of hydrogenation of carbon monoxide and consequently polymerization of carbide metal, a wide range of products (hydrocarbons, oxygenates and water) are produced with a vast distribution in carbon number. This paper presented a comprehensive literature review on the Fischer-Tropsch synthesis (FTS) process including a history of production of liquid hydrocarbons through F-T technology; the importance of secondgeneration bio-fuels in future transporting energy and its advantages as well as the characteristics, of organic materials, which are exploited as feedstock in the F-T process to be converted to long-chain hydrocarbons. In addition, this paper represented the surface polymerization mechanisms for the production of a wide-range of hydrocarbons in the Fischer-Tropsch process. The silanol functional groups are represented as well as the attempt to achieve a comprehension in de-hydration, de-hydroxylation, as well as re-hydroxylation mechanisms of the silica surface. Furthermore, catalyst formulation and reaction engineering in Fischer-Tropsch synthesis are reviewed.
Intensive investigations require in terms of technical development of SGB to ensure the success in deployment of FT technology. The catalyst deactivation, selectivity towards a narrower product distribution and heat and mass transfer limitation are three main challenges in improvement of LTFT process. Hence, future investigations should advance the research towards considering multi scale approaches for potential improvement in existing problems with LTFT process including (i) active nanoparticles' size, their adjustment and long-term stability in micro scale, (ii) porous support structure, effects of internal mass transfer, diffusion limitation for reactants and produced hydrocarbons caused by catalyst liquid-filled pores and capillary condensation of heavier hydrocarbons in meso scale and (iii) catalyst combination with operating regime, effects of external mass transfer, heat removal and pressure drop and sphere catalyst arrangement in reactor in macro scale.
